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A b s t r a c t  

The r e s u l t s  of a two stage p r o c e s s  f o r  t h e  c o n v e r s i o n  of a h i g h  1 
v o l a t i l e  b i t u m i n o u s  c o a l  from Utah  t o  g a s o l i n e ,  d i e s e l  o i l ,  g a s ,  
and c h a r  a r e  d e s c r i b e d .  I n  t h e  first s t a g e ,  c o a l  was hydrogenated 
i n  a bench s c a l e  r e a c t o r  a t  h i g h  t e m p e r a t u r e s  and medium p r e s s u r e s  
t o  get a heavy o i l  a s  the main p r o d u c t  w h i c H  w a s  W d r o c r a c k e d  i n  a 
subsequen t  b e n c h  s c a l e  o p e r a t i o n  to produce  g a s o l i n e  and d i e s e l  I 

o i l .  The o v e r a l l  m a t e r i a l  b a l a n c e  i n d i c a t e d  t h a t  c o a l  c a n  b e  con- I 

v e r t e d  t o  30% h i g h  o c t a n e  g a s o l i n e ,  5% h i g h  speed  d i e s e l  o i l ,  35% 
h i g h  B.T.U.  g a s ,  and 30% c h a r .  A c o n c e p t u a l  scheme f o r  t h e  process-  
i n g  o f  100 t o n s  o f  c o a l  is p roposed .  

I n t r o d u c t i o n  

High p r e s s u r e  h y d r o g e n a t i o n  o f  c o a l  f o r  t h e  p r o d u c t i o n  o f  s y n t h e t i c  
l i q u i d  f u e l s  was p r a c t i s e d  i n  Germany d u r i n g  World War 11. Hydro- 
g e n a t i o n  was c a r r i e d  o u t  a t  p r e s s u r e s  f rom 5000 t o  10 ,000  p s i  and 
t h e  processes w e r e  found e c o n o m i c a l l y  u n c o m p e t i t i v e  (Gordon, 1947) .  
A d e m o n s t r a t i o n  p l a n t  fo r  c o a l  h y d r o g e n a t i o n  a t  7500 t o  10 ,000  psi , 
p r e s s u r e  was o p e r a t e d  by t h e  U. S. Bureau o f  Mines d u r i n g  1949 t o  
1953 f o r  an  economic e v a l u a t i o n  o f  t h e  p r o c e s s  (U. S. Bureau of  
Mines,  1962) .  The p r o c e s s  was found to b e  e c o n o m i c a l l y  u n f a v o r -  
a b l e .  The t e c h n o l o g y  d e v e l o p e d  d u r i n g  t h e  l a s t  decade  i n d i c a t e d  
t h e  economic f e a s i b i l i t y  o f  h y d r o g e n a t i o n  of c o a l  u n d e r  medium 
p r e s s u r e  c o n d i t i o n s .  The H-coal  p r o c e s s  was deve loped  f o r  c o a l  
h y d r o g e n a t i o n  u n d e r  medium p r e s s u r e s  of 1500 t o  3000 p s i  and it 
was o p e r a t e d  i n  an  e b u l l a t e d  bed r e a c t o r .  The p i l o t  p l a n t  d a t a  
demons t r a t ed  t h e  economic f e a s i b i l i t y  o f  t h e  H-coal p r o c e s s  (Alpe r t  , 
e t  a l . ,  1 9 6 4 ) .  I n  t h e  p r e s e n t  communicat ion,  t h e  r e s u l t s  o f  a two 
s t a g e  h y d r o g e n a t i o n  p r o c e s s  f o r  t h e  c o n v e r s i o n  of c o a l  t o  g a s o l i n e ,  
d i e s e l  o i l ,  g a s ,  and c h a r  u n d e r  medium p r e s s u r e  c o n d i t i o n s ,  a r e  
r e p o r t e d .  

E x u e r i m e n t a l  
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B a t e r i a l s .  1 
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I f r o m  Utah and h i g h  t e m p e r a t u r e  coke ( T a b l e  1 )  y e r e  used f o r  
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h y d r o g e n a t i o n .  Ana la r  g r a d e  s ta i lnous  c h l o r i d e  was used  a s  t h e  c a t a -  
l y s t .  The c a t a l y s t  was c o m p l e t e l y  s o l u b l e  i n  w a t e r  and i n s o l u b l e  
i n  benzene .  

Eq uiune  n t . 
The f low s h e e t  o f  t h e  bench  s c a l e  u n i t  for c o a l  h y d r o g e n a t i o n  is  
shown i n  F i g u r e  1. Hydrogen was drawn from t h e  c y l i n d e r  1, com- 
p r e s s e d  by t h e  compresso r  4 ,  and s t o r e d  i n  t h e  s t o r a g e  t a n k  5 .  
Hydrogen from t h e  s t o r a g e  t a n k  was p r e h e a t e d  t o  a b o u t  300°C b e f o r e  
i t  e n t e r e d  t h e  r e a c t o r  9 .  The c o a l  was f e d  c o n t i n u o u s l y  t o  t h e  
r e a c t o r  from t h e  h o p p e r  7 ,  by  a h o r i z o n t a l  screw f e e d e r  9 ,  o p e r a t e d  
by  a motor 8 .  The c o a l  f e e d  r a t e  was c o n t r o l l e d  by a c a l i b r a t e d  
d e v i c e  a t t a c h e d  t o  t h e  motor .  The r e a c t o r  w a s  made o f  316 s t a i n -  
less steel and was 4 fee t  h i g h  and 2 i n c h e s  i n s i d e  d i a m e t e r .  It 
was p rov ided  w i t h  a the rmowel l  e x t e n d i n g  t o  t h e  c e n t e r  f o r  tempera-  
t u r e  measurements  and l i n e s  f o r  t h e  i n j e c t i o n  o f  c o l d  hydrogen .  
Coa l  g e t s  hydrogena ted  w h i l e  i t  f a l l s  down t h e  r e a c t o r .  The s o l i d  
and l i q u i d  p r o d u c t s  w e r e  c o l l e c t e d  i n  t h e  l i n e r  o f  t h e  quench  t a n k  
11. The gases p a s s e d  t h r o u g h  t h e  c o n d e n s e r  1 2  and t h e  condensed  
l i q u i d  was c o l l e c t e d  i n  t h e  t r a p  1 3 .  The uncondensed g a s  was 
metered  by  t h e  w e t  g a s  meter 1 4  and l e t  o u t  i n t o  t h e  a tmosphe re .  
No r e c y c l i n g  of  t h e  e x i t  g a s  was p r a c t i s e d .  The hydrogen  f l o w  
r a t e  was c o n t r o l l e d  manual ly  b y  t h e  h i g h  p r e s s u r e  r e g u l a t i n g  v a l v e s  
2A-2F.  The who le  s y s t e m  was d e s i g n e d  f o r  a maximum ,working p r e s -  
s u r e  o f  5000 p s i  a t  room t e m p e r a t u r e  and t h e  r e a c t o r  and p r e h e a t e r  
f o r  5000 p s i  a t  7OO0C. 

The heavy o i l  o b t a i n e d  by  c o a l  h y d r o g e n a t i o n  was r e f i n e d  i n  a con- 
t i n u o u s  bench  s c a l e  u n i t  w i t h  a s t a t i c  bed r e a c t o r  shown i n  F i g u r e  
2 .  It c o n s i s t e d  of a v e r t i c a l  t u b u l a r  s t a i n l e s s s t e e l  r e a c t o r  of  
0 .75-inch i n s i d e  d i a m e t e r  and 40-inch l e n g t h  w i t h  e x t e n s i v e  means 
for c o n t r o l l i n g  t e m p e r a t u r e ,  p r e s s u r e ,  and g a s  and l i q u i d  f low 
r a t e s .  The f i rs t  20 i n c h e s  o f  t h e  r e a c t o r  l e n g t h  f r o m  t h e  t o p  was 
packed w i t h  ceramic b e a d s  of 0 .17- inch  d i a m e t e r ,  t h e  n e x t  6 . 5  
i n c h e s  w i t h  t h e  c a t a l y s t  (60  c - c ) ,  and t h e  f o l l o w i n g  1 2  i n c h e s  
a g a i n  w i t h  c e r a m i c  b e a d s .  The t o p  bed o f  c e r a m i c  ' b e a d s  a c t s  as 
t h e  p r e h e a t i n g  zone .  The t e m p e r a t u r e  a t  t h e  c e n t e r  o f  t h e  c a t a l y s t  
bed was measured  w i t h  a the rmocoup le  p l a c e d  between t h e  r e a c t o r  
and f u r n a c e  w a l l s .  The hydrogen s u p p l y  was t a k e n  f r o m  a hydrogen  
c y l i n d e r  w i t h  a maximum p r e s s u r e  o f  2300 p s i .  

P r o c e d u r e  f o r  c o a l  h y d r o p e n a t i o n  - 
C o a l  was ground i n  a hammer m i l l ,  s c r e e n e d ,  and d r i e d  a t  l l O ° C .  
The d r y  c o a l  was impregna ted  w i t h  t h e  c a t a l y s t  b y  s p r a y i n g  a w a t e r  
s o l u t i o n  of t h e  l a t t e r  i n  a m i x e r .  The impregna ted  c o a l  w a s  a g a i n  
d r i e d  t o  remove a l l  t h e  w a t e r .  The d r y  impregna ted  c o a l  w a s  mixed 
w i t h  an  e q u a l  q u a n t i t y  of h i g h  t e m p e r a t u r e  coke  o f  t h e  same s i z e .  
About 1 0  pounds of t h e  coa l -coke  m i x t u r e  was c h a r g e d  i n t o  t h e  
h o p p e r  and p r e s s u r i z e d  w i t h  hydrogen .  The whole  s y s t e m  was f i r s t  
f l u s h e d  w i t h  p r e h e a t e d  hydrogen f r o m  t h e  storage t a n k  and t h e  
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s y s t e m  was p r e s s u r i z e d  t o  t h e  d e s i r e d  p r e s s u r e .  The r a t e  o f  
hydrogen  flow was m a i n t a i n e d  a t  a b o u t  15 l i t e r s  p e r  minu te .  When 
t h e  tempe ' ra ture  i n  t h e  r e a c t o r  was s t a b i l i z e d ,  coa l - coke  m i x t u r e  
was f e d  t o  t h e  r e a c t o r  a t  t h e  r a t e  of about  5 grams p e r  m i n u t e .  
The p r e s s u r e  and t e m p e r a t u r e  i n s i d e  t h e  r e . a c t o r  were ma in ta ined  
c o n s t a n t  t h r o u g h o u t .  The o u t l e t  g a s  was sampled e v e r y  h a l f  h o u r  
f o r  a n a l y s i s ,  Each  r u n  was c a r r i e d  o u t  f o r  a b o u t  1 5  t o  '16 h o u r s .  
A f t e r  a l l  t h e  c o a l - - c o k e  m i x t u r e  was f ed  t o  t h e  r e a c t o r ,  h e a t i n g  and 
hydrogen  f l o w  w e r e  s t o p p e d  and t h e  sys t em was a l lowed  t o  c o o l  down 
t o  a t m o s p h e r i c  t e m p e r a t u r e .  A f t e r  t h e  sys tem a t t a . i n e d  a t m o s p h e r i c  
tempera . ture  and p r e s s u r e ,  t h e  l i n e r .  f rom t h e  quench  t a n k  was t a k e n  
o u t .  The c o n t e n t s  of t h e  l i n e r  and t h e  l i g h t  o i l  t r a p  were weighed.  
The p e r c e n t a g e  c o n v e r s i o n  of c o a l  t o  g a s  was c a l c u l a t e d  from t h e  
t o t a l  q u a n t i t y  of g a s  passed  t h r o u g h  t h e  sys t em d u r i n g  each  e x p e r i -  
ment  and its a n a l y s i s .  The w e i g h t  o f  a l l  t h e  p r o d u c t s  exceeded  t h e  
w e i g h t  of f eed  and  t h e  d i f f e r e n c e  . in we igh t  was t a k e n  a s  p e r c e n t  
hydrogen  consumed i n  t h e  p r o c e s s .  The amount of w a t e r  formed was 
found  a l m o s t  e q u a l  t o  t h e  hydrogen  consumed and t h e  y i e l d  of  
g a s e o u s ,  l i q u i d ,  and s o l i d  p r o d u c t s  was , l oo% o n  t h e  bas . i s  o f  c o a l  
f e e d .  The o i l  f r o m  t h e  c o n t e n t s  o f  t h e  l i n e r  w e r e  e x t r a c t e d  w i t h  
b e n z e n e  and t h e  c h a r  s e p a r a t e d .  The benzene  was d i s t i l l e d  off  t o  
ge t  t h e  o i l  p r o d u c t . .  The l i g h t  o i l  c o l l e c t e d  i n  t h e  t r a p  was added 
t o  t h e  o i l  o b t a i n e d  b y  benzene  e x t r a c t i o n  t o  .get t h e  t o t a l  o i l  . 
p r o d u c t .  The c h a r  w a s  washed w i t h  w a t e r  t o  d i s s o l v e  t h e  c a t a l y s t .  
The r e s u l t a n t  c h a r  w a s  d r i e d  a t .  l l O O C  and a n a l y z e d . .  The amount o f  
s t a n n o u s  c h l o r i d e  d i s s o l v e d  i n  t h e  water .  e x t r a c t  was d e t e r m i n e d .  

P r o c e d u r e  f o r  h y d r o t r e a t i n g  of o i l .  

The  t o t a l  o i l  p r o d u c t  o b t a i n e d  f rom c o a l  was h y d r o r e f i n e d  a t  4 2 O o C ,  
1500 psi p r e s s u r e ,  a n d  a s p a c e - v e l o c f t y  of 1 . 0  o v e r  a c o b a l t -  
mo lybda te  on a l u m i n a  i n d u s t r i a l  c a t a l y s t .  It was a l s o  hydrocracked  
a t  49OoC, 2000 p s i  p r e s s u r e ,  and l . 0 - s p a c e - v e l o c i t y .  The hydrogen  
consumpt ion  i n  t h e s e  o p e r a t i o n s  was o b t a i n e d  from t h e  d i f f e r e n c e  i n  
t h e  w e i g h t  of t o t a l  p r o d u c t s  and f e e d .  The l i q u i d  p r o d u c t  was d i s -  
t i l l e d  i n t o  d i f f e r e n t  f r a c t i o n s .  The l i g h t  o i l  f r a c t i o n  b o i l i n g  
up  to  2OO0C was d e s i g n a t e d  a s  g a s o l i n e ,  t h e  f r a c t i o n  from 200° t o  
360OC a s  d i e s e l  o i l ,  and t h e  r e m a i n i n g  as  r e s i d u e .  The d i e s e l  o i l  
f r a c t i o n  was r e f i n e d  by  e x t r a c t i o n  w i t h  a m i x t u r e  of d i m e t h y l  . 
formamide  and n - h e p t a n e  t o  improve t h e  d i e s e l  i n d e x  (Qader  and 
Vaidyeswaran ,  1 9 6 6 ) .  I n  t h e  hyA r o t r e a t i n g  work ,  t h e  coke  d e p o s i t  
i n s i d e  t h e  reac tor  w a s  b u r n t  o f f  a f t e r  e a c h  e x p e r i m e n t  by f l u s h i n g  
t h e  r e a c t o r  a t  500°C w i t h  a i r  f o r  10 h o u r s .  

P r o d u c t  a n a l y s i s .  

The p rox ima te  and u l t i m a t e  a n a l y s i s  of c o a l ,  c o k e ,  and c h a r  were 
done by  c o n v e n t i o n a l  methods  S u l f u r  was de te r rn lned  b y  t h e  bomb 
method and n i t r o g e n  b y  t h e  C-H-N c h r o m a t o g r a p h i c  a n a l y z e r ,  F .  M. 
Model 1 8 5 .  Hydrocarbon t y p e  a n a l y s i s  of t h e  g a s o l i n e  was done 
by t h e  Fluorescent-Indicator-Adsorptioq method (ASTM D-1319-65T). 
The hydroca rbon  t y p e s  i n  t h e  heavy o i l  f e e d  and d i e s e l  o i l  w e r e  
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d e t e r m i n e d  by chemica l  methods (ASTM D-1019-62),  The n a p h t h e n e s  
i n  t h e  g a s o l i n e  w e r e  e s t i m a t e d  by t h e  r e f r a c t i v i t y  i n t e r c e p t  method 
(ASTM D-1840-64). The n - p a r a f f i n  c o n t e n t  was d e t e r m i n e d  by  adso rp -  
t i o n  on 5 - A  m o l e c u l a r  s i e v e s  i n  a g J a s s  column o f  0 . 5 - i n c h  d i a m e t e r  
and 1 . 5 - f o o t  h e i g h t .  The i s o p a r a f f i n s  were o b t a i n e d  by  t h e  d i f -  
f e r e n c e .  The t a r  a c i d s  and b a s e s  were e s t i m a t e d  by e x t r a c t i o n  w i t h  
10% sodium hydrox ide  and 20% s u l f u r i c  a c i d ,  r e s p e c t i v e l y .  The 
d i e s e l  i n d e x  was c a l c u l a t e d  from API g r a v i t y  qnd a n i l i n e  p o i n t .  
The o c t a n e  number was d e t e r m i n e d  by  t h e  Resea rch  Method. The g a s  
a n a l y s i s  was done by g a s  ch romatography  i n  t h e  F. M. Model 7 2 0  
d u a l  column programmed t e m p e r a t u r e  g a s  ch romatograph .  

R e s u l t s  and D i s c u s s i o n  

The a d m i x t u r e  of coke  w i t h  c o a l  i n  1.1 r a t i o  e l i m i n a t e d  a l m o s t  a l l  
t h e  c a k i n g  an? a g g l o m e r a t i o n  problems i n  t h e  r e a c t o r .  N o  s i g n i f i -  
c a n t  c o n v e r s i o n  o f  c o k e  was found when it was hydrogena ted  a l o n e .  
The p r e s e n c e  o f  coke i n  t h e  f e e d  d i d  n o t  a f f e c t  t h e  p r o d u c t  d i s t r i b u -  
t i o n  t o  any  a p p r e c i a b l e  e x t e n t .  The f e e d  p a r t i c l e s  a t t a i n e d  t h e  
r e a c t i o n  t e m p e r a t u r e  w h i l e  t h e y  w e r e  h a l f w a y  down t h e  r e a c t o r .  The 
c o k i n g  o f  t h e  l i q u i d  p r o d u c t  was minimized due t o  $he s h o r t  resi- 
dence  t i m e .  The hydrogen  consumpt ion  i n  t h e  p r o c e s s  v a r i e d  between 
4 and 7% o f  t h e  f eed  c o a l  and t h e  c o n v e r s i o n  t o  w a t e r  was found t o  
be a b o u t  5 t o  8%. About 50% of t h e  s u l f u r  and n i t r o g e n  i n  t h e  c o a l  
was r e t a i n e d  i n  t h e  c h a r  w h i l e  t h e  r e m a i n i n g  was e v e n l y  d i s t r i b u t e d  
i n  t h e  l i q u i d  and g a s e o u s  p r o d u c t s .  About 70 t o  80% of oxygen i n  
t h e  c o a l  was c o n v e r t e d  t o  w a t e r .  About 80% of t h e  c a t a l y s t  used 
was r e c o v e r e d  by wash ing  t h e  c h a r  w i t h  w a t e r ,  

The r e s i d e n c e  t i m e  of t h e  f e e d  p a r t i c l e s  i n  t h e  r e a c t o r  was e x p e c t e d  
t o  be a b o u t  5 s e c o n d s  and hence  t h e  p a r t i c l e  s i z e  o f  t h e  f e e d  was 
o f  g r e a t  s i g n i f i c a n c e  i n  t h i s  work. C o a l  and coke  a r e  bad c o n d u c t o r s  
of h e a t  and need l o n g  r e s i d e n c e  t i m e s  t o  pe t  h e a t e d  t o  t h e  r e a c t i o n  
t e m p e r a t u r e .  Because o f  t h e  s h o r t  r e s i d e n c e  t i m e s  i n v o l v e d  i n  t h i s  
p r o c e s s ,  t h e  s i z e  o f  t h e  c o a l  f e e d  was k e p t  +s  f i n e  a s  p o s s i b l e .  
The i n f l u e n c e  o f  t h e  s i z e  o f  f e e d  p a r t i c l e s  on p r o d u c t  d i s t r i b u t i o n  
is  shown i n  F i g u r e  3 .  The c o n v e r s i o n  of coal  t o  l i q u i d  and g a s e o u s  
p r o d u c t s  d e c r e a s e d  w i t h  a n  i n c r e a s e  i n  t h e  p a r t i c l e  s i z e  w h i l e  t h e  
y i e l d  o f  c h a r  i n c r e a s e d .  A p a r t i c l e  s i z e  o f  a b o u t  5 0  m i c r o n s  was 
found t o  a f f e c t  maximum c o n v e r s i o n  of c o a l .  However, for p r a c t i c a l  
r e a s o n s ,  a p a r t i c l e  s i z e  o f  a b o u t  250 m i c r o n s  was used i n  t h i s  
i n v e s t i g a t i o n .  A l o n g e r  r e a c t o r  m i g h t  b e  n e c e s s a r y  for f e e d i n g  
l a r g e r  p a r t i c l e s  e f f e c t i v e l y .  

A l a r g e  e x c e s s  o f  t h e  c a t a l y s t  was u s e d  i n  t h e s e  e x p e r i m e n t s  t o  
b r i n g  a b o u t  a d e q u a t e  c o n t a c t  between t h e  c o a l  p a r t i c l e s ,  c a t a l y s t ,  
and hydrogen .  S e v e r a l  c a t a l y s t s  w e r e  used f o r  c o a l  h y d r o g e n a t i o n  
( T a b l e  1 1 )  and s t a n n o u s  c h l o r i d e  a f f e c t e d  maximum c o a l  c o n v e r s i o n  
of  75% a t  a n  optimum c o n c e n t r a t i o n  of 1 5 %  by  w e i g h t  of c o a l  ( F i g u r e  
4 ) .  A p a r t  o f  t h e  s t a n n o u s  c h l o r i d e  m i g h t  v a p o r i z e  and decompose 
d u r i n g  t h e  p r o c e s s  and may n o t  t a k e  p a r t  i n  t h e  h y d r o g e n a t i o n  o f  
c o a l ,  Only t h e  undecomposed s t a n n o u s  c h l o r i d e  m i g h t  b e  c a t a l y z i n g  
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t h e  r e a c t i o n s ,  a s  a l s o  p o i n t e d  o u t  by  Z i e l k e ,  e t  a l .  ( 1 9 6 6 ) ,  neces'- 
s i t a t i n g  t h e  u s a g e  o f  a l a rge  e x c e s s  o f  t h e  c a t a l y s t . .  The h i g h e r  
c o n v e r s i o n s  o b t a i n e d  w i t h  s t a n n o u s  c h l o r i d e  might  p r o b a b l y  be  due 
t o  i t s  known b e t t e r  thermodynamic s t a b i l i t y  toward decompos i t ion  
when compared t o  t h e  o t h e r  m e t a l  h a l i d e s  u s e d .  

T e r n w r i t l i r e  r-- - - - -  2nd pressure had marked i n f l i i i n c e  on pi 'oduct d i s t r j . -  
b u t i o n .  The y i e l d  of T i q u i d  p r o d u c t  i n c r e a s e d  up  t o  5 1 5 O C  b u t  
d e c r e a s e d  a t  h i g h e r  t e m p e r a t u r e s  w f i i l e  t h e  y i e l d  of g a s  i n c r e a s e d  
l i n e a r l y  w i t h  t e m p e r a t u r e .  The y i e l d  of c h a r  d e c r e a s e d  up t o  5 1 5 O C  
b u t  remained  a l m o s t  t h e  same a t  h i g h e r  t e m p e r a t u r e s '  ( F i g u r e  5 ) .  A 
t e m p e r a t u r e  of 5 1 5 O C  was found t o  b e  optimum f o r  maximum l i q u i d  
p r o d u c t  y i e l d .  Above 51s0C, c r a c k i n g  of t h e  l i q u i d  p r o d u c t  took 
p l a c e  w i t h  t h e  p r o d u c t i o n  o f  g a s .  The l i q u i d  p r o d u c t  i n c r e a s e d  
w i t h  p r e s s u r e  w i t h -  a c o r r e s p d n d i n g  d e c r e a s e  i n  t h e  y i e l d  o f  c h a r .  
P r e s s u r e  had  l i t t l e  e f f e c t  on g a s  y i e l d  ( F i g u r e  6 ) .  A p r e s s u r e  o f  
2000 p s i  was found t o  be optimum f o r  maximum c o n v e r s i o n .  

The a n a l y s i s  of t h e  p r o d u c t s  o b t a i n e d  a t  5 1 5 O C  and 2000 p s i  p res -  
s u r e  is g i v e n  i n  Table  111. The l i q u i d  p r o d u c t  was somewhat s i m i l a r  
t o  l o w  t e m p e r a t u r e  t a r .  .It was l i g h t  and c o n t a i n e d  20% l i g h t  o i l  
b o i l i n g  u p  t o  2OO0C and .20% t a r  a c i d s .  The c o m p o s i t i o n  o f  t h e  
l i q u i d  p r o d u c t  i n d i c a t e d  t h a t  c o n s i d e r a b l e .  c r a c k i n g  o f  t h e  pr imary 
p r o d u c t  t o o k  p lace  during t h e  process.  The g a s e o u s  p r o d u c t ,  e x c l u -  
s i v e  of p r o c e s s  hydrogen ,  c o n t a i n e d  a b o u t  85% methane w i t h  s m a l l  
q u a n t i t i e s  o f  e t h a n e  and p r o p a n e .  The p a s  c o m p o s i t i o n  i n d i c a t e d  
t h a t  i t  c a n  b e  .used as  a s u b s t i t u t e  f o r  n a t u r a l  gas .  The c h a r  
( T a b l e  111) was produced  when c o a l  was hydrogenated  w i t h o u t  mixing 
w i t h  h i g h  t e m p e r a t u r e  coke  and i t  was found t o  be a s  good a s  high 
t e m p e r a t u r e  coke i n  r e d u c i n g  c a k i n g  and a g g l o m e r a t i o n  of c o a l  
d u r i n g  h y d r o g e n a t i o n .  It c a n  be used f o r  power g e n e r a t i o n  or 
hydrogen  p r o d u c t i o n .  

H y d r o r e f i n i n g  of t h e  l i q u i d  p r o d u c t  a t  42OoC, 1500 p s i  p r e s s u r e ,  
and 1 - s p a c e - v e l o c i t y  ( T a b l e .  IV) y i e l d e d  26% g a s o l i n e  of 78 r e s e a r c h  
o c t a n e  and 56% of d i e s e l  o i l  w i t h  43  d i e s e l  i n d e x .  S o l v e n t  r e f i n -  
i n g  of d i e s e l  o i l  y i e l d e d  48% of h i g h  speed  d i e s e l  o i l .  The hydro- 
c r a c k i n g  of t h e  l i q u i d  p r o d u c t  o v e r  t h e  d u a l - . f u n c t i o n a l  c a t a l y s t  
y i e l d e d  69% of g a s o l i n e  o f  9 3  r e s e a r c h  o c t a n e  and 1 7 %  of low speed  
d i e s e l  o i l .  A f t e r  s o l v e n t  r e f i n i n g ,  h i g h  speed  d i e s e l  o i l  was 
o b t a i n e d  i n  a y i e l d  of 1 2 %  ( T a b l e  V )  I The t a r  a c i d s ,  s u l f u r ,  and 
n i t r o g e n  w e r e  removed a l m o s t  c o m p l e t e l y  d u r i n g  h y d r o r e f i n i n g  and 
h y d r o c r a c k i n g  o p e r a t i o n s .  Hydrogen consumpt ion  v a r i e d  between 2 
and 3% o f  t h e  o i l .  i n  t h e s e  o p e r a t i o n s .  

The o v e r a l l  m a t e r i a l  b a l a n c e  is s c h e m a t i c a l l y  shown i n  F i g u r e  7. 
Scheme I r e p r e s e n t s  t h e  y i e l d  of v a r i o u s  p r o d u c t s  from a s i n g l e  
c h a r g e  o f  10 pounds c o n t a i n i n g  5 pounds o f  c o a l .  The amount o f  
hydrogen  consumed i n  t h e  p r o c e s s  w a s  found t o  b e  a p p r o x i m a t e l y  
e q u a l  tm the a m o ~ n t  ef w a t e r  f o r m e d .  Scheiiie 11 iepreserits  tile 
n a t u r e  and o v e r a l l  y i e l d  o f  t h e  p r o d u c t s  from c o a l .  The g a s  yield 
in t h i s  scheme compr i sed  of t h e  y i e l d  of gas  ,in b o t h  t h e  operations 
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I n  Scheme I.  S i m i l a r l y ,  t h e  c h a r  compr i sed  of t h e  c h a r  and r e s i d u e  
produced i n  Scheme I .  The c o n c e p t u a l  p r o d u c t  y i e l d s  ( T a b l e  VI) were 

I c a l c u l a t e d  from t h e  d a t a  c o v e r i n g  s e v e r a l  b a t c h  r u n s .  The c h a r  
8 p roduced i n  t h e  p r o c e s s  was used i n  a d m i x t u r e  w i t h  c o a l  i n  1:l r a t i o  

and t h e  hydrogen consumpt ion  i n  b o t h  t h e  s t a g e s  of t h e  p r o c e s s  was 
approx ima ted  t o  6% of  t h e  c o a l  f e e d ,  The m a t e r i a l  b a l a n c e  i n  Table  
V I  was o b t a i n e d  by  c a l c u l a t i n g  t h e  y i e l d s  a f t e r  n o r m a l i z a t i o n  of  
t h e  t o t a l  p r o d u c t  r e c o v e r y  t o  106 w t .  % o f  c o a l  f e e d .  A c o n c e p t u a l  
s c h e m a t i c  d i ag ram o f  a c o a l  r e f i n e r y  u t i l i z i n g  t h e  two s t a g e  p r o c e s s  
d e s c r i b e d  i n  t h i s  p a p e r  i s  shown i n  F i g u r e  8 .  The r e s u l t s  o b t a i n e d  
i n  t h i s  i n v e s t i g a t i o n  d e m o n s t r a t e d  t h e  t e c h n i c a l  f e a s i b i l i t y  o f  t h e  
two s t a g e  p r o c e s s  f o r  t h e  c o n v e r s i o n  o f  c o a l  t o  h i g h  o c t a n e  gaso-  
l i n e ,  h i g h  speed d i e s e l  o i l ,  and h i g h  B . T . U .  g a s .  

i 
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I 

T a b l e  1 .  P r o p e r t i e s  of  c o a l  and c o k e .  

Proximate  a n a l y s i s ,  w t .  % 
( m o i s t u r e  free b a s i s )  

V o l a t i l e  m a t t e r  

Ash 

F i x e d  carbon 

U l t i m a t e  a n a l y s i s ,  w t .  % 

Carbon 

Hydrogen 

Oxygen 

S u l f u r  

N i t r o g e n  

C a l o r i f i c  v a l u e ,  BTU/lb 

Coal  
I_ 

' 4 6 . 8  

6 . 7  

4 6 . 5  

7 5 . 8 8  I 

5 . 5 8  

9 . 5 0  

0.94 

1 . 5 0  

1 3 , 2 5 0  

Coke - 

2 . 5  

10.0 

8 7 . 5  
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Table  11. P r o d u c t  d i s t r i b u t i o n  w i t h  d i f f e r e n t  c a t a l y s t s .  
Temperature,  5 1 s o c ;  Pressure . ,  2000 p s i  

Product  d i s t r i b u t i o n ,  w t .  $ 
T o t a l  

Char - Gas - Oi 1 C a t a l y s t  c o n v e r s i o n  - 
. ,  

S t a n n o u s  c h l o r i d e ,  7 5 . 0  4 3 . 0  3 2 . 0  2 5 . 0  

Ammonium molybdate 6 9 . 0  3 9 . 0  3 0 . 0  3 1 . 0  

N i c k e l  c h l o r i d e  7 1 . 0  4 1 . 0  3 0 . 0  29 .‘O 

Ferrous c h l o r i d e  6 5 . 0  3 8 . 0  27.. 0 3 5 . 0  I 

Z i n c  c h l o r i d e  5 5 . 0  2 9 . 0  2 6 . 0  45.0 
- 

I 
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T a b l e  111.. P r o p e r t i e s  of p r o d u c t s .  
T e m p e r a t u r e ,  5 1 5 O C  
P r e s s u r e ,  2000 p s i  

L i q u i d  Droduc t 
Sp. gr, 2o0C 
S u l f u r ,  w t .  % 
Nit rogen ,  w t .  % 
Tar a c i d s ,  v o l .  % 
Tar b a s e s ,  w t .  % 
D i s t i l l a t i o n  d a t a  

I . B . P . ,  OC 

Up t o  350°C, v o l .  % 
Residue ,  v o l .  % 

u p  t o  200oc,  v o l .  % 

Hydrocarbon t y p e s  i n  n e u t r a l  o i l  
up t o  350°C, v o l .  % 

S a t u r a t e s  
O l e f i n s  
Aromat ics  

G a s  c o m p o s i t i o n ,  v o l .  % 
Hydrogen 
Methane 
Ethane 
Propane 

Char  a n a l y s i s .  w t .  % 

0.9946 
0.3214 
0.5820 

1 . 5 0  
20.0 

75 
20.0 
7 2 . 0  
28 .0  

4 6 . 0  
6 . 0  

4 8 . 0  

V o l a t i l e  m a t t e r  
Ash 
Fixed  c a r b o n  
Carbon 
Hydrogen 
Oxygen 
S u l f u r  
Ni t rogen  
C a l o r i f i c  v a l u e ,  BTU/lb 

7 .0  
1 2 . 0  
8 1 . 0  
7 7 . 5  

5 . 4  
2 . 6  
0 .38  
0 .62  

1 4 , 0 0 0  



174. 

Table  I V .  Y i e l d s  and q u a l i t y  of  h y d r o r e f i n e d  p r o d u c t s .  
Temperature , 42OoC; p r e s s u r e ,  1500  p s i ;  sp .  
ve l . ,  1 . 0 ;  c a t a l y s t  , coba l t -molybdate  on 
a lumina  

Y i e l d s ,  v o l .  % 

T o t a l  p r o d u c t  

'Gaso l ine  

Diesel o i l  

9 9 . 0  

2 6 . 0  

5 6 . 0  

Refined d i e s e l  o i l  4 8 . 0  

G a s  2 . 0  

Res idue  ~ 1 2 . 0  

Composi t ion  o f  g a s o l i n e ,  v o l .  % 

S a t u r a t e s  5 8 . 0  

O l e f i n s  3 . 0  

Aromatics  3 9 . 0  

Research o c t a n e  number 7 8 . 0  

Diesel i n d e x  of d i e s e l  o i l  4 3 . 0  

Diesel i n d e x  of r e f i n e d  d i e s e l  o i l  5 0 . 0  



175. 

- 

T a b l e  V.  Y i e l d s  and q u a l i t y  o f  hydrocracked  p r o d u c t s .  
T e m p e r a t u r e ,  490oC; pressure, 2000 p s i ;  s p .  
veL, 1 . 0 ;  c a t a l y s t ,  n i c k e l  s u l f i d e - t u n g s t e n  
s u l f i d e  on s i l i c a - a l u m i n a  

I 

I Y i e l d s ,  v o l .  % 

T o t a l  p r o d u c t  

G a s o l i n e  

100.0 

69 0 

! Diesel' o i l  1 7 . 0  

Ref ined  d i e s e l  oil 1 2 . 0  

, Gas 8 . 0  

5 Residue  6 .O 

Composi t ion of g a s o l i n e ,  v o l .  % 

Aromat ics  5 2 . 0  I< 

I s o p a r a f f i n s  

O l e f i n s  

Naphthene s 

N-paraf f i n s  

Research  o c t a n e  number 1 

21.0 

2.0 

8 . 0  

17.0 

93.0 

> Diesel i n d e x  o f  d i e s e l  o i l  3 1 . 0  , 
I 

'< I Diesel i n d e x  of r e f i n e d  d i e s e l  o i l  50 .0  
Q 

! 
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T a b l e  V I .  Conceptual  product  y i e l d s .  
C o a l ,  1 0 0  t o n s  ( m . a . f . )  
Hydrogen, 6 t o n s  

P r o d u c t s  Q u a n t i t i e s  

C l - C g  g a s e s ,  c u .  f t .  1 , 3 8 4 , 9 3 0  

G a s o l i n e ,  B b l  . 232 

D i e s e l  o i l ,  B b l .  3 3  

Char, t o n s  2 8  

Water, g a l l o n s  1 , 6 7 0  

Hydrogen s u l f i d e ,  c u .  f t .  2 0 , 8 3 3  

Ammonia, t o n s  1 

I 
i 
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2D 

L J 

2 A  
6 7 

2c 
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Exit Gas 
I I l o  I 

5 '  

Figure I. Flow sheet of coal hydrogenation unit. 
I. Hydrogen cylinder, 2 A -  2F. High pressure regulating 
Valves, 3 A S  38. Filters, 4. Compressor, 5. Storage tank, 
6. Preheater. 7. Hopper, 8. Motor, 9. Screw feeder. 
IO. Reactor, I I .  Quench tank, 12. Condenser, 13. Liquid 
trap, 14. Wet gas meter. 
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Hydro 

r l G U Q C  2 .  FLOW S r i i T  OF TYE u V O O O T 9 E A T I N G  U N I T .  
I .  H l G r  PRESSUPE P U ~ D ,  7 1 .  7 8 .  7 C .  DDESSUQE GAUGE.  3 .  PEACTOP.  L .  THERMOI  
C O U P L E .  5 .  CLOAMI :  :UDNACE.  6 .  I V S U L A T I O N .  7 .  I T E M P E Q ~ T U R E  CONTROLLER.  
8. C O N D E N S E P .  9 .  S E P A Q 1 T O " .  I O .  A C T I V E  CAPEON T O W E R .  I ! .  GAS M E T C P .  
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Particle Size, Microns 

Figure 3. Effect of particle size on product distribution. 
Pressure, 2000 psi; Catalyst, 15% by weight; 
Temperature, 51 5 O C. 

70 - 
o\" 

w Oil 

- Gas 
1 - Char 

V 

4 l0-  e 
Q o  I I I 

IO 20 30 0 
Catalyst Concentration, Wt. % 

Figure 4. Effect  of catalyst concentration on product 
distribution. Temperature, 515' C. : 
Pressure, 2000 psi.; Size, 250 microns. 
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3. Char 
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Temperature, OC. 

Figure 5. Effect of temperature on product distribution. 
Pressure, 2000 psi: Size, 250 microns; 
Catalyst, 15% by weight. 
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Figure 6. Effect of pressure on product distribution. 
Temperature, 515°C.; Size 250,microns; 
Catalyst, 15% by weight. 
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